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ABSTRACT 

A delta-wing-like passive device was suggested by 
Gupta ( 1937 ) to minimize local scour near the base of bridge 
piers. The. present work is a model study to determ.ine the 
suitability and optimum dimension of such a device for scour 
minimization. 

A round-nosed wooden pier of width 5 cm fitted with 
a delta-wing-like, passive devicer on its leading nose was 
placed in a flume 5.0 m long and 0.5 m wide width subcritical 
flow over a mobile bed. Initially some runs were made without 
any pier protection device to determine the most destrimental 
flow condition. Later tests were conducted mostly for this 
condition (F^ = 0,22). 

After obtaining the most effective dimensions of both 
passive device and triangular flat plate, tests were conducted 
with the passive device plus a flat plate fixed below it 
as combined device, at the initial bed level. Further model 
studies were conducted to determine the scour protection 
ability of some existing scour protection works. The results 
indicate that the combined device is effective at F^ = 0.22 in 
controlling scour, and system of combined device placed at 
and at distance equal to half of pier width under initial bed 
level is quite effective up to Fp=0.37. 
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Inferences about the flow structure near the pier by- 
paint impression technique used in this study indicates 
that the passive device modifies the horseshoe vortex 
structure near the leading nose of pier. It weakens this 
vortex^ thereby reducing scour near the upstream nose, and 
spreads while strengthening and spreading the counter 
rotating vortices on either side of the pier. The results 
of this study are useful in understanding and controlling 
scour near bridge piers. 



CHAPTER I 


INTRODUCTION AND LITERATURE REVIEW 


1 .1 I ntroduction 

Scour is a natural phenomenon caused by the erosive 
action of flowing water on the bed and bank of alluvial channels 
At a bridge site, scour introduces the possibilities of 
reduction in the support given to the bridge foundation or an 
abutment being undermined. Scour-induced bridge failures occur 
during flood flows, which are unsteady, and the geometric and 
dynamic features are complex. The flow interacts with varied 
mixtures of sediments which may range from alluvial sands to 
clays and weathered rocks. Frequently, clay banks, rock out- 
crops, sand, and shingle bars are present in a stretch of 
river. During a flood the geometry of these features can change 
drastically. The problem is often further complicated by the 
large variety of shapes, alignments, and approaches used for 
piers and abutments. Further large random changes in foundation 
geometry can be caused by floating debris, e.g. trees, being 
trapped up stream of bridge piers. These phenomena have drawn 
the attention of engineers in designing bridges to be built on 
erodible foundation material. Practically, the only solution 
to this problem that has .had widespread use is to construct 
the piers and abutment to an elevation low enough, so that their 
stability will never be endangered [41 J, 
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Unfortunately there is no unifying theory at present 
which would enable the designer to estimate, with confidence, 
the scour depth near bridge piers and abutments, although 
this problem has been investigated since a very long time and 
quite a lot of laboratory and field data has been collected. 

This lack of general theory is due to the complexity of the 
problem of interaction between water and moving sediment at 
the junctions with piers or abutments. 

Therefore, scour depths can be seen to depend upon 
the properties of flow, the bed material in the stream and at 
the bridge crossing (grading, layering, particle shape and size, 
alluvial or cohesive) and the bridge foundation geometry. 

The types of scour which may occur at a bridge site 
could be grouped as follows: 

(i) General scour of the stream which would occur due to 
changes of the hydraulic or hydrological properties of 
the water course. 

(ii) Localized scour (or constriction scour) which may occur 
because of the. constriction of the waterway and rechanne- 
lling of berm flow by the bridge, 

(iii) Local scour which is caused by the local flow field 
around the piers and abutment. 

Local scour can occur in one of two ways: (a) dear- 
water scour, and (b) live-bed scour. Local scour can be 
superimposed on both the general and the localized scour. 

Local scour can be defined as a decrease in bed elevation in 
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the vicinity of an abstraction as a consequence of the local 
flow field around the obstruction. The t^q^e of local scour 
is classified according to the capacity of the flow approaching 
the bridge to transport bed material. Clear-water scour 
occurs v/hen the bed material upstream of scour area is at rest. 
The bed shear stresses a'^'^y from the scour area are thus equal 
to or less than the critical or threshold shear stress for 
the initiation of particle movement. In clear water scour the 
maximum scour depth is reached when the flow can no longer 
remove particles from the scour hole. 

Live-bed scour, also referred to as scour with sediment 
transport, occurs when there is general bed load transport by 
the stream. Equilibrium scour depths are reached when over a 
period of time the amount of material removed from the scour 
hole by the flow equals the amount of material supplied to the 
scour hole from upstream. It is important to distinguish 
between these two types of scour because both the development 
of the scour hole with time and the relationship between scour 
depth and approach flow velocity depend upon the type of scour 
that is occurring. 

Three approaches exist for solving this congjlex problem 
(not together with localized scour due to constriction of 
waterway and rechanneling of berm flow by building bridge 
simultaneously) as follows: 

(i) Scour relation for predicting maximum local scour depth 

or equilibrium local scour depth based on variables 



characterizing the fluid, the j;low, the bed material, 
and the bridge pier using extensive laboratory data 
and limited field measurements, 

(ii) Scour depth at local obstruction by analyzing the 
basic scour mechanism. 

(iii) Using scour protection after making the best choice 
of tne pier shape for minimizing scour to prevent 
formation of the scour hole. This permits smaller 
foundation depths and reduces costs. 

The extent of the scour area and the equilibrium depth 
of scour are problems of great importance in the design of 
hydraulic structures. Knowledge of the magnitude of erosion 
is very important in safe and economio design of the foundations 
of these structures. 

The number of variables involved in a scouring process 
is also very large. However, the important variables may be 
grouped into four main categories: Variables of fluid and 
flow, characteristics of the bed material and bridge pier. 

Some of the parameters are too difficult to qualify such as 
the particles size distribution, the grain form, or the 
cohesion of the bed materials, 

Breusers et al, (1977)[ 7 ] gave influence of parameters 
on the scour depth in detail such as 

(i) ^ 

^ ' - — - Approach velocity: 

^0 

a) U/U. < 0.5 , no scour (Hancu, 1967), (Nicollet, 1971 a,b) 
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b) 0.5<U/U^< 1,0, clear water scour (Chabert and 
Elgeldinger,1 956, Hancu,1967, I'lata 1968, Chitale 
1962, Chien and Melville, 1987) 

c) U/U >1.0, scour with sediment motion in the 

form of ripple, dune or transition flat bed kno'wn 
as live-bed condition (Laursen,1962 , Ghee 1982, 

Jain and Fischer 1979). 

(ii) “ Sediment size (3onasoundas,1 973) . 

(iii) Fq/B " '■''^ater depth. This factor gives the most 
conflicting statements [7]. 

(iv) Shape of the pier; Flamant (1900) , Rehbock (1921), 

Shen, Schneilder and Karaki (1969) classified pier 
shapes into two categories; 

a) Blunt-nosed pier where a strong horseshoe vortex 
system and thus the maximum scour depth occurs at 
the pier nose. 

b) Sharp-nosed pier, where the horseshoe vortex system 
is very weak and the maximum scour depth occurs near 
the downstream end, 

(v) Angle of attack (Laursen and Toch, 1956). 

(vi) Spacing of piers. 

Depending upon the number of significant hydraulic parameters 
in each relation the scour relations can be grouped in six 
categories under two different approaches as ’Regime*, and 
'Rational* approaches by both Jain (1981) and Modi (1986), 
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1 .2 Literature Review 

Many investigators in the past have studied the 
local scour problem around obstructions of various kinds both 
by conducting experimental work with laboratory models and 
by collecting field data from alluvial rivers and canals. 

A brief review of relevant literature is presented in this 
article . 

1 .2 .1 Mfechanismi of local scour 

It appears that the large-scale eddy structure, or the 
system of vortices developed about the pier is the dominant 
feature of flow near a pier. The secondary circulation which 
develops as a result of modified flow pattern in the vicinity 
of the obstruction is the real cause of the phenomenon. This 
has been repeatedly observed and independently reported by a 
large number of investigators from different places at 
different times. 

Keutner (1932) experimentally demonstrated the existence- 
of a lateral water surface slope when an obstruction was placed 
in a flow field. A secondary flow that was generated due to 
this slope causing scour of the bed was first suggested by him. 
A similar view was expressed by Ishihara (1938) that secondary 
circulation created by obstruction was related to local scour. 
By defining the intensity of secondary fl-ow in ter-ms of the 
centrifugal force and lateral water surface slope developed 
near the obstrmiction and by accounting for the variation of 
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point velocities along a vertical, he developed his equation 
of scour force per unit of stream width at the outer edge of 
curvature . 

Since then a considerable amount of work has been done 
by Posey (1949), Laursen and Toch (1956), Bata (1960) Neill 
(1964), Roper, Schneider and Shen (1967), Highway Research 
Board (1970) , Belik (1973), Melville (1975), Peder Hjorth 
(1975), Nfelville and Raudkivi (1977), Rana (1980), Baker (1979, 
1980, 1981) , Qadar (1981), Gupta (1984), Gangadhariah and 
Muzzammil (1985), Gupta (1986), Depending on the t 3 rpe of 
pier and free stream condition, the eddy structure can be 
composed of one or more of three basic systems — the horseshoe 
vortex system, the wake-vortex system, and/or the trailing 
vortex system — as described by Roper (1966). For sufficiently 
tall piers the horseshoe-vortex system has been recognised 
as the dominant feature of scour process at the blunt-nose 
of the pier. The basic cause of 'local scour' is the hydro- 
dynamic flow structure in the form of the horseshoe vortex 
that is known to develop irrespective of whether the bed is 
solid like a wind tunnel floor or mobile like an alluvial 
river bed. Such horseshoe vortex flow structures occur in 
a Variety of other engineering situations as well like the 
wing-body junction of an aircraft, turbine blade junction with 
the disc, tall building junction with ground, etc. It is 
known that a blunt-nosed pier serves as a focusing or 
concentrating device for the vorticity already present in the 
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undisturbed stream to form the horseshoe vortex system by 
means of a three-dimensional separation of the boundary 
layer due to strong enough pressure field ahead of the pier. 

Scour will be initiated where the scouring potential 
created by this velocity is strong enough to overcome the 
particles resistance to motion. Sediment particles will be 
disloged free along the front portion of the pier and carried 
out of the scour hole either by the horseshoe vortex system 
and/or by the wake-vortex system like a vacuum cleaner. Here 
attempts of various investigators on the formation of vortices 
and their interpretation of the scouring mechanism are 
presented, 

Hawthorne (1954) used a small perturbation method 
for computation of energy of the secondary flow around struts 
and airfoils in shear flow with non uniform distribution of 
inlet velocity. The method marks only for stream].ined shapes, 
but nevertheless he was able to show that scour depth increases 
with the energy of secondary flow, and the modification of the 
primary flow by the secondary flow increases the scouring 
capacity. Following a somewhat different line of approach 
Lighthill (1956a, 1957) was able to make an exact computation 
of the secondary flow. 

Taylor (1959), Johnston (i960) and Joubert (1964) 
tackled the problem as special case of a three dimensional 
boundary layer, Maskell (1955) and Taylor (1967) have 
discussed the very complex behaviour of flow separation under 
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three cjimensional conditions, Peake and Galway (1965) tired 
to determine theoretically the location of the primary line 
of separation of a three dimensional laminar boundary layer 
on a flat wall supporting a cylinder. 

Belik (1973) made an experimental study of vortex 
system generated in the region where an incompressible flow 
with speanwise varying velocity moves about a circular 
cylinder connected to a flat plate. He discussed the role 
of horseshoe vortex at the front of the cylinder and derived 
the dimensionless similarity number which described the flow, 

Shen, Karaki, Schneider and Roper (1966) tried to 
treat the scour mechanism analytically . They used the 
momentum approach to estimate the strength of the horseshoe 
vortex and they found that the strength of the vortex should 
be proportional to the pier Reynolds number Their 

conclusion was that the maximum scour depth should be a 
function of the pier Reynolds’ number, *^ep* ’ 

Schneider and Shen (1969) also indicated that the 
strength of the vortex associated with the redistributed 
vorticity could be functionally related to a decrease in 
circulation of the flow caused by presence of the pier. 

Baker (1979) proposed a vortex model based on an 
experimental study. This model assumed that the circulation 
of vortex remained same throughout the scouring process, 
only the size of the vortex increased and correspondingly the 
rotational velocity of the vortex decreased. Based on these 



considerations, he found that the non-dimensional scour 
depth varies with Froude's parameter, U/]jgy^. Qadar measured 
the rotational velocity and size of the vortex before scour 
and related these to the approaching flow average velocity 
and obstruction width respectively. Further these parameters 
were related to the scour depth at equilibrium condition. 

Gang a d bar i ah, Muzzammil and Subramanya (1985) found 

that horseshoe vortex should be related with wall region flow 

parameters, along with bulk flow parameters and dimensions 

U D 

of obstruction through as the strength of initial 

U* 6 

horseshoe vortex, where and 5 represent the friction 

velocity and boundary layer thickness respectively. 

It is clear from the reviews mentioned above that 
the strength of vortex was estimated in different approaches 
by different parameters. Further these parameters are 
related to the scour depth at equilibrium condition. Melville 
and Raudkivi (1977) pointed out that the vortex strength 
increased initially as the vortex system sank in the scour 
hole due to additional fluid having attained downward motion. 
However Baker (1979) disagreed with Melville's hypothesis. 
Baker [ 4 ] , Gangadhariah, Muzzammil and Subramanya [l5], 
Melville [30] and Qadar [40] observed that with the increase 
in size of the vortex as it saicks in the scour hole, the 
rotational velocity of the vortex decreased the shear stress 
beneath the vortex system till the equilibrium condition 
was reached. Baker [4 j , Gangadhariah, Muzzammil and 



Subramanya [15] , Gupta [is] , and Qaclar L^^O] showed that 

the initial vortex strength decreased with increase in pier 

Reynolds number. Gupta (1986) noted that vorticity decayed 

very fast with scour development. The horseshoe vortex 

gradually assumed an elliptical shape as the scour hole 

developed. He developed a relationship betv/een initial 

vorticity and equilibrium vorticity in terms of Baker’s 

measurements (1979,1981-) put the vortex center location at 

about 0.2-0.3B'. , and Qadar gave the size of the vortex as 

about 0,2B while Mizzammil noted it to be about 0.2-0. 6B, 

where B is obstruction width. 

1.2.2 Em pirical Method 

a ) R eg:inie method 

One of the earliest formulae proposed for the estimation 
of the maximum scour depth is based on Lacey regime flow 
equation with support of field data taken at Hardinge bridge 
over the Ganges river and the model experiments of Inglis at 
Poona Laboratory. The Indian Railways have adopted this 
formula to estimate the maximum scour depth measured from 
the free surface water level as twice the Lacey regime depth. i 

It is evident from that formula that parameters like pier i 

geometry and flow depth are unimportant. Regime approach i 

includes formulae given by Sethi (i960), Ahmad (1 962 ), Inglis Lacey^ 

(1949) ,Arunachalam (1 965) , Blanch (1969), Bridge and Flood Wing of | 
RDSO ( 1967 , 1968 ). However, it has been generally recognised i 

that the regime approach only tends to concentrate on overall i 

dimensions. The approach does not reveal the internal j 



mechanism involved in a scouring process. The regime 
equations, originally derived on straight reaches of channels 
in equilibrium for paralle^J. flow conditions, are not 
applicable to flow conditions at bends and obstructions 
where the flow is mnainly characterized by large scale curvature, 
separation, vortex formation, macroturbulence and energy 
dissipation, 

b) Rajbional metho d 

The second approach, the tractive force approach, 
is based on the concept that the tractive force exerted by 
the flowing water on the bed particles is mainly responsible 
for the motion of the bed material when its value exceeds the 
critical limits. Based on this approach, the equilibrium 
scour depth in long channel constructions has been predicted 
by some investigators like Straub ("1934), Chitale (1962), 

Knezvic (1960) , Bata (i960) , Garde ( 196 I), Chabert and 
Ehgeldinger (1956), Hancu (1971), Maza (1977), Breusers (1977). 
Laursen (i960) has proposed design curve and empirical 
relation for maximum scour depth measured from the bed level 
which identify the pier geometry, angle of attack and the 
upstream flow depth as the important variables, Jain (1981), 
Jain and Modi (1986) had made comparative studies to conclude 
that the scour depth formula by Laursen and Toch (1956) is 
the best predictor among those compared in their study, as 
it envelops all data and overpredicts less than other formulae. 
However, that formula shows that the scour depth is independent 


of sediment size. Effect of sediment size on maximum. scour 
depth was verified by experimental study by Sttema (1976,1980), 
Hancu (1971), Nicollet (1971), Chee (1982), Melville (1984), 

Chien and Melville (1987) and Raudkivi and Ettema (1983). 

Quite similar to the formula of Laursen and Toch an 
other formula containing the effect of sediment size on scour 
depth was nroposed by Jain [23]. Really Laursen’ s assumptions 
are valid in case of a long channel contraction by making use 
of continuity equation for sediment and water, and the sediment 
transport and resistance laws. His solution quite depended 
upon the equations selected to describe the flow and sediment 
transport. It seems that the application of results of long 
channel contraction scour-problems to the bridge pier scour- 
problem is not reasonable in the latter case, since large 
scale eddies and vortices developed. On the other hand, 
some formulae are based on the analysis of the basic mechanism 
of local scour which has been recognised by many investigators 
like Tison Bata , Roper et al, , [44] , Melville 

[31 ] » Qadar [41 ] and Gangadhariah et al [ 16 ] , Characteristics 
of mechanism of local scour around bridge pjer has been 
mentioned in Sec, 1,2 a. 

1.2.3 S cour protection 

The effect of local scour is to expose a greater 
frontal area of the pier to the flow and to reduce the effective 
pier foundation depth. Both these effects make the pier 
structurally unsafe. As pointed out by Breusers et al. (1977) 
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the suitability of a local scour protection arrangement is 
linked to the cost-safety- bene fit criterion, A relatively 
expensive method is to carry the pier foundation sufficiently 
deep. This method requires the estimation of maximum likely 
scour depth during the life time. 

The three components of local scour protection 
problem are: the sediment characteristics in the pier’s 
vicinity, the leading edge geometry of the pier junction, 
and the flow characteristics in the pier’s vicinity. The 
different methods of local scour protection relate either to 
any one or a combination of these three components, 

3-) R- iprap j nat . Perhaps the earliest, and probably the most 
effective and extensively employed method of local scour 
protection is related to the sediment characteristics in the 
pier’s vicinity and is known as the 'riprap mat’. By his 
model experiments in 1893 Engels recommended excavation of 
the bed sediment around the pier nose and filling it with 
riprap flush with the bed, Posey (1974) also experimentally 
demonstrated the effectiveness of a riprap inverted filter 
consisting of one or more layers of progressively coarser 
material. This problem has been examined by many investigators 
(Shen, 1972, Breusers et al, 1977). Recommendations regarding 
the choice of materials’ size of the boulders for riprap mat 
extending horizontally upto two times the pier width beyond 
the pier’s exposed surface (with thickness at least three 
times the diameter of the stone) have been made, Isbash’s 



formula (1935) covering all data given by Maza and Sanchez 
( 1964 ), Neill ( 1973 ) was an example to determine the diameter 
of the boulders as a function of critical velocity equal to 
twice mean-on-vertical value. Recent experimental investi- 
gation of Raudkivi and Sttma (1985) has drawn attention to 
the more complicated nature of local scour around piers in 
armored river bed. 

b) Upstream piles . The flow characteristics upstream of 
the pier junction were modified by installing smaller diameter 
piles in different size, numbers and triangular configurations 
in the experimental works of Tison (I96I), Chabert and 
Engeldinger (1956). Reduction in local scour was observed in 
several cases as high as 50 percent due to breaking the 
incident current, weakening the horseshoe vortex that generates 
erosion by producing wake regions around the leading edge of 
the pier junction. Similar reduction was obtained by Levi 
and Luna (l96l) for a vertical strip placed at two times pier 
width upstream of a rectangular pier. However no general 
law could be found depending on five parameters such as 
number, diameter, space from each other, sweep angle and 
distance of the piles away from the pier for these cases. 

With the same aim of preventing or hindering the development 
of the horseshoe vortex by placing smaller pier upstream of 
the main pier some tests have been conducted by Shen, Karaki, 
Schneider, Roper (1966) giving the finding as of Timonoff (1929). 



The pier nose geometry affeots the formation of the 
horseshoe vortex making the vortex weaker as the nose 
beoomes more stream lined and reduces local scour. ' 

Fo undation Caisson. To contain the horseshoe vortex 
system inside an enclosure allowing it to escape downstream, 
reducing dim.ension of the caisson some experimental works have 
been made by Shen and Schneider (1970), hovrever, the dimension 
of the platform and of the vertical lip in relation with the 
pier and with other parameters (flow sediment) were not known. 
A horizontal coaxial flat plats of at least three times the 
diameter of circular pier and embedded slightly blow the bed 
(about 0.3 to 0.4 diameter) has been tested by Chabert and 
Engeldinger (1956), Tanaka (1969), Thomas (1969). Breusers 
(1972) has used a flexible skirt around the modelj-s of offshore 
drilling platform pile's junction in his laboratory tests to 
obtain reduction in local scour. Such devices to modify the 
pier junction remain effective in reducing local scour upto 
maxilmum 50 percent of that reached with the pier alone in 
laboratory conditions, 

ci 

Flexible Mat . Flexible mats were seemed one of the most 
effective devices to reduce scour around bridge pier in tests 
conducted in the Rocky Mountain Hydraulic Laboratory by Posey, 
Appel and Chanmaess (1951). From their experiments they found 
that firstly, the use of any mat having reasonable weight, 
perviousness and flexibility gave considerable protection 
from scour, secondly, scour could be completely prevented by 



installing a layer of gravel under a heavy pervious, flexible 
mat and for economiical long time use the link-chain and 
fight joint block mats have been recommended. 

®) O ther ty pes. Some other types of model were suggested, fo 
example, Tanaka and Yano (1967) drilled a hole through the 
pier at bed level to release the pressure created in the 
vicinity of the front nose of the pier near the bed. This 
hole was shown to have only a minor influence on the scour 
depth. They also tested a 'floating pier’ and showed that 
unless the bottom of the pier was very close to the bed, the 
scour was negligible. Even when the bottom of the pier was 
at the bed level, the scour was considerably less than for 
the pier deep into the bottom. They concluded that the 
vertically downward flow along the surface of the pier seems 
to be generated secondarily by the vortex motion and does not 
seem to affect directly the local scour around the pier of 
small diameter. Shen, like Tanaka and Yano (1964), found 
that the strength of the secondary flow could not be weakened 
by a slot in the pier. Roughness elements on the ppstream side 
of the pier, to weaken to vertical do^Amflow, were shown to 
have no effect. 



In sumimary, no general law as yet unable s the 
dimensions of these protective structures to be determined 
although valid results can be obtained by means of foundation 
caissons below the bed level or by means of piles placed 
upstream of the main pier. Even flexible mat or riprap 
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protection is considered an effective method but in which the 
stone dimensions, stone gradation and the location for 
protection can be evaluated by estimating the river flow 
velocity. 

Pa ssiv e de vice suggested by A.K. Gupta ( 1987). Considering 
the main cause of bed scour to be primary horseshoe vortex if 
would appear that suppressing or altering the structure of 
horseshoe vortex can result in significant alleviation of 
local scour around the vertical pier. Gupta (1987) has 
recently reported .a dye flow visualisation study in which 
aerodynamic concepts have been employed to invent a delta-wing 
like plate attached to the leading edge of the pier junction 
which appears to modify the horseshoe vortex significantly. 

Delta-Wing-Like Passive Device . The basic idea of using a 
triangular -plate has its origin in the aerodynamic properties, 
in particular, the lift of such plates. The circulation 
theory of lift as proposed and developed by Kutta and Jaukowski 
states that a two-dimensional plate placed at a small 

angle If attack in uniform flow, experiences circulation which 
results in a lift on the plate given by the product of flow 
medium’s density, free stream ve].ocity and the circulation 
(Anderson, 1986). The amount of circulation is related to 
the angle of attack according to the Kutta condition. The 
directions of lift, circulation and free stream are such that 
a horizontal flow from left to right with clockwise circulation 
causes vertically upward lift on the plate, A negative angle 



of attack will therefore generate anticlockwise circulation 
and vertically downward lift. In its simplest form, a 
potential vortex with its axis perpendicular to the free 
stream and lift directions can model the generation of 
circulation. 

For a finite span plate, Lanchester-' and Prandtl 
discovered the turning of potential vortex axis at the plate 
tips by 90 degrees towards downstream resulting in two 
trailing streamwise vortices. The direction of rotation of 
trailing streamwise vortices is related to the angle of attack 
of the f ini te . plate , a positive angle of attack resulting in 
the same sense of rotation as the streamwise trailing arms of 
the primary horseshoe vortex at the pier junction with ground. 

The triangular plates or delta wings in aeronautics 
with their apex facing the free stream possess distinctly 
superior aerodynamic characteristics of high lift and low drag 
in supersonic flows (Kuchemann , 1978). Sven at incompressible 
flow speeds the triangular planform at small angle of attack 
experiences higher lift due to leading edge separation of flow 
on the leeward side of the plate. The separated sheets of 
flow roll into two spiral vortices which trail downstream of 
the plate as two strong streamwise trailing vortices in much 
the same manner as for the finite span plate mentioned- labove. 

The basic idea of delta-wing like passive device 
introduced at- a negative angle of attack at j-pnction of the 
leading nose of model pier by Gupta (1987) was to counter 



and modify the sense of rotation of the pier of vortices of 
the horseshoe vortex. These vortices have sense of rotation 
opoosite to that of the pier of counter-ratating vortices of 
horseshoe vortex generated without passive degice. The change 
in sense of rotation or vortices tend to pile up the sediment 
near pier surface, thus tending to alleviate the local scour 
almost all around the pier. Using this concept Gupta and 
Gangadhariah conducted a series of experiments for a particular 
passive device dimension to find the reduction of scour depth. 
They found the reduction of scour depth in their experiment 
in an order of 50 percent compared to alone pier pnder the 
same flow condition. 

1 .3 Present Investigation 

In view of need of scour protection, the aim of 
present study is as follows: 

(i) Influence of geometry of delta- wing- like passive device 
suggested by Gupta (1987) of I.I.T, Kanpur on the 
reduction of maximum local scour depth at bridge pier 
is first study. This passive device is applied to 

the leading nose of pier model mounted on mobile bed. 

(ii) The second is to study influence of geometry and shape 
of flat plate attached to the leading nose of the pier 
model at mobile bed level on the local scour depth 
reduction, 

(iii) After obtaining the most effective dimensions _ both 
passive device and flat plate, tests will be conducted 



with the passive device plus a flat plate fixed below 
it at the initial bed ;j.evel to enable optimum dimension 
of such as device for scour minimization. This 
combination of passive device with bottom flate plate t 
known as combined device. 

(iv) Some existing protection works are also conducted for 
comparison. 

(v) An attempt will be made to relate the significant 
elevation of selected combined device at the pier 
model with reduction of maximum local scour depth for 
further high Froude dumber. Initially some ruis without 
pier protection device am done to determine the most 
destrimental flow condition^ than most tests will be 
performed for this flow condition (live-bed condition) 
as = 0.22» except some advanced tests for combined 
device . 

(vi) Paint impression technique will be used in this study 
to illustrate the effectiveness of passive device in 
modifying and weakening the original horseshoe vortex 
structure near leading nose of the pier by streaklines. 

In short the present work is a model study to determine 
effectiveness of passive device dimensions and combined device 
dimensions on the reduction of maximum local scour depth for 
certain flow condition with mobile bed and to study flow pattern 
over rigid bed to understand original horseshoe vortex to be 
modified and weakened by passive device fixed at the leading, 
nose of pier. 



CHAPTER II 


EXPERIMENTAL METHOD 


2*1 E xperimental Set-up 

The experiments were conducted in a glass-sided flume 
5.00 m long, 0.50 m wide and 0.90 m high, vfater supplied to 
flume is recirculated from a overhead tank by an axial flow 
prmip driven by motor (See Fig. 2.1). A sliding point gauge 
was used to check the horizontal sand bed sourface. The 
depth of sand bed was 14.00 cm. Discharge passing through 
the flume was measured by a rectangular weir. The tail gate 
of flume was adjusted to keep constant flow depth. Constant 
discharge was maintained by operating a valve over the entrance 
tank. The test station for all experiments was located at 
3.50 m from upstream entrance. Round-nosed wooden pier 5.00 cm 
wide, 18,00 cm long and 45.00 cm high was employed for all 
tests. A measuring scale was attached to the pier surface to 
enable the deepest point of scour hole at any location on the 
pier at any time to be read visually. A strong light was used 
to improve visibility especially during experime'nts with high 
suspended load. Alluvial sand collected from river Ganges was 
used as sand bed for all tests. Pier width was 5,00 cm, that 
is about 10 percent of the flume width, to minimize blockage 
effects. The mean approach flow depth was kept constant until 
ripple or dune formed but water surface level still remained 




\ ^ valve ■5- +^i'] aale 

2 _. entrance tank pcJinf gauge 

3 , Welter -tlurne 7 '. pfermodel 

sand bed 8. passive device 

Fi6. 2.1 LAYOUT OF EXPTRIMENTAL WATER FLUME 


1 8 cm 



PIG.2.2 SCHEMATIC PIER WITH SCALE 


AND LOCATION OF SECTION 
LC , AA^, Bb' , CC' 



near the s^me during the test. 

Tests of pier alone and of soma types of scour 
protection, such as caisson, caisson with vertical lip, 
collar at different position on the pier, small piles front 
of the main pier , and riprap, were conducted to be compared 
under the same flow condition. 

Device like delta-wing consists of two flat plates 
a thin vertical spiral rib on bottom surface of inclined plate 
along its symmetrical line. The thin vertical spiral rib 
tapers down to zero height at the delta vertex with its height 
as the height of device. Devices are made of perpex. The 
time of test lasts over seven hours. 


2»2 


Me thod 


of Conducting Experiment 


The procedure for conducting experiment was first to 
make a flat level sand bed along the flume of 14.00 cm thickness 
Tnen the model-pier was inserted partially at the test station 
and the bed around the model was levelled flat again as other 
flat sand bed location and device was attached to the leading 
nose of the pier with the bottom edge of vertical rib of 
device touching flat sand bed. The v/ater was allov;ed to flow 
by opening the control valve in the supply pipeline over the 
entrance tank then flow depth and discharge was checked again. 

The local scour at the pier was read dir'ectly on the pier 
and local scour surrounding the pier was measured with the 
poiter depth gauge. Recordings of local scour depth were 



made at 1 minute interval for first 20 minutes, 5 to 10 
minutes interval for rest time up to 60 minutes and then 
30 minutes interval upto the end of test, Reoordings around 
the model were made along the directions of LL', AA' , B3’, 

GO’ (See Fig, 2.2) after one , three, hours and before 
stopping the test to enable the scourings during the test 
and average dynamic flow depth for all time of test to be 
identified. Recording of water surface and bed form along 
cross-section far from the back nose of the pier 50.00 cm and 
from the leading nose of the pier, in tern, 25 cm, 50 cm, 100 cm, 
150 cm and 200 cm were also made with five points of measuring 
in each . After seven hours or more of uninterrupted steady 
water flow the test was terminated upon attainment of 
equilibrium scour conditions. Water in the flume was allowed 
to drain and after overnight setting of sand bed, the scour 
depth recordings around the model were taken in the same 
directions as mentioned above. 

In preparation for the test, sand had washed downstream 
in the basin nearby back tail-gate from previous test was 
shoveled toward the head of the flqme and then struck off to a 
constant depth (14,00 cm in all test) as flat as possible by 
checking of sliding point-gauge, after that device was fixed 
and test was run as mentioned above. 

The mean bed level, the mean water level and discharge 
wer-=‘ frequently checked during test. Sand was fed in 
15 minutes interval after rippla coming to the leading nose 


of the pier to ensure that a uniform flow was maintained. 
2 . 3 Grain Size Distribution in the Scour H ole 


The properties of the alluvial sediment grains 
selected from the deep portion of the scour hole surrounding 
the pier and device for all tests were given in Table, 2.1. 
Sieve analysis has been carried out for these sediment 
samples ai-G their data have been plotted as shown in Fig. 2.3. 
The median particles of size of a sediment, D^qj was taken as 
the representative particle size of the sediment. The degree 
of uniform of the particle size distribution of a sediment 
is defined by the value of its geometric standard deviation, 
^g, which was evaluated by using 


a 


g 


1 

1 ^1 6 


Geometric mean size 

In general for all tests the folio-wing properties of fine 
bed sediment can be acceptable as follows: 

Arithmetic mean' size D = 0.152 mm 

Median size ^50“ 

Geometric mean size D = 0.162 mm 

O 

Standard deviation = 0.05 

Geometric standard deviation '^g = 1,22. 


i, 




2.4 General Flow Parameters 


In this investigation temperature varied 20 °C to 

34 °C from each to other experiment , average temperature 

"^obc 

is taken as 27°C then,-- — = 0.06. Refering to the 

(rs-7f)D5o 

Shield’s criterion and Table 3.2 , page 57 of the R.J. GARDE 
and K.G. RANGA RAJU, 1977. -e get, 

U^c ^ cm/sec. 

kg 

T, = 1.50534 X 10 ^ 2 

cm X sec. 


U 


^eDc 


«-bc^50 


V 


= 2.237 


as written in this investigation discharge was kept then 
other flow parameters were not varied in a large range for 
the first phase. General flow parameter also seen in 
Table 2.2 and Table 2.3. 

To calculate shear velocity, shear stress, sediment 
grain Reynolds Number and for the bed, side-wall correction 

procedure has been used (Journal of Hydraulic Division, 

January 1971, ASCE) here, 


U 


#b 


= i/g Se 


(m X sec 


-1 


} 


= 


(kg X cm X sec. ) 


'*b 


R 


■eDso 


p£g(l.65) D 50 

U*b^ D50 


V 



v/he re , 




_2 

g - gravitational aceeleration = 9B1 cmx sec. 

- bed hyradulic radius (cm) 

Sq - Energy slope 

— = 1.65 

Pg - specific gravity of sand grain 

- water specific gravity 

V - kinematic viscosity of water given by 


0.0179 ^ 2 

1 + 0.0337 X T + 0.000221 x 
has been calculated for present investigation* 


) 


T - water temperature 

De^q - median size of sand grain = 0.155 mm, 

TABLE 2.2 : GENERAL FLOW PARAI'iSTSR FOR FIRST PHASE OF TEST 


Q 

(1/ sec. ) 

y 

■^0 

(cm) 

u 

( cm/ sec) 

Fr 

U^b 


10.724 

9.2-10 

1 1 

1 20.84 -22.1 

.21-. 22 

i 

4.61-5.4 

i 

i 

i 21 .28-29.2 1 

1 

t°C I 



parameters for different flow conditions 
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CHAPTER III 


RESULTS AND DISCUSSION 

3 • 1 Ge neral 

In attempting to study .protection against local scour 
around bridge pidrs. during floods the flow past a pier has 
been modelled in the laboratory flume. In this investigation 
a delta shaped passive device was attached to the leading 
nose of the model pier for local scour protection (see Fig. 3.1 
b and c). The only shape of model pier tested was the 
semi-circular shape which is a common shape in use. Further- 
more, it is reasonable to believe that if this device provides 
satisfactory protection for the round-nosed pier, it would 
not be too difficult to find the requirement for piers of 
other shapes. For similar reasons, the investigation was 
limited to the case of cohesionless bed material, since non- 
cohesive bed materials are by far the most common at the site 
of permanent-type bridges. Before and during tests with 
device some tests without device were conducted to enable 
compression and to understand the effects of devices of 
different dimensions. Based on satisfactory results of one 
type of device, some combinations of devices were made and 
tested under different discharge conditions. The maximum 
local scour depth for each case was measured and analysed 
for each purpose such as choice of the dim-ension of device, 
comparison with some previous protection works, and to test 




the combinations of devices for scour prevention 


3 • 2 Local Scour A round the Model Pier without Device und er 
Different Flow Conditions 

Maximum scour depth in the scour hole around model 
pier at different time under different flow conditions were 
measured as d given in Table 3.1 and Fig. 3.2a and 3.2 b. 

The maximum local scour depth data after stopping the flow and 
draining water overnight are plotted in Fig. 3.2c and 3. 2d to 
present the profiles of scour hole along the longitudinal 
section passing through the pier centre-line with flow direction 
from left (L) to right (L’) , and also along cross-sections 
passing across 2,5 cm, 9.0 cm and 15,5 cm from the leading 
nose of the model pier denoted as AA*, BB’ and CC’, respectively 
(see Fig. 3.2c,d). 

, _ Defining the locus of all points where scour depths 

is maximum on sections normal to the flow as the maximum 
scour depth line, this line is plotted for F^ =0.198 and 
0.224 in Fig. 3 .2e . From Figs, 3.2a , 3.2b it may be observed 
that the data appear to plot on three curved segments on 
semi-logarthmic graph. The first steep segment is associated 
with rapid scouring by the down flow. The down flow digged 
sediment abound the front nose of the model pier by forming 
different grooves. The second slightly steep segment shows 
the development of the scour-hole as the horseshoe vortex' moves 
away from the cylinder and grows in strength. The last segment 
describes the equilibrium local scour depth due to dunes or 
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F|G.3.2.e. MAXIMUM SCOUR DEPTH LINE 
AROUND CLEAN PIER. B = 5an 


cm 



ripples formed on the bed by interaction between flow and 
sediment. In general local scour depth varies with the 
passing of a dune or ripple. The scour value is often less 
than maximum just before ripples or dunes reach the pier. 

The data indicate that the higher the froude number the 
higher maximum local scour depth at the leading node of 
model pier, but the difference is not much under the flow 
conditions tested. 

From Fig, 3.2a it appears that maximum local scour 
depth as function of time and maximum value is higher when 
ripples form and approach the pier assymmetrically. It also 
appears that the higher the second curve segment the deeper 
the scour depth around the leading nose of the model pier, 
and if the flow conditions are nearly the same the maximum 
scour depth appears approximately at the same time (see tests 30 
31 in Table 3.1 ). BYom the point of view of maximum scour 
depth accuring in test 31 (d_^^ = 6.35 cm), it was taken for 
comparison with other tests in which device was applied. 

Figures 3.2c, d,e show that scour depth line for same 
flovj- conditions, in the down stream direction is quite near 
the pier and is egg-shaped in plan, with its value reducing 
from the leading nose to the rear of the pier. The higher 
the Froude number the larger the scour hole extent in plan 
and the deeper the local scour value in all sections, and 
there is no deposit behind the m.odel pier along section LL’ 
when F^> 0.31 > but scour only. 
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Taking B as pier width and d_„^ as maximum scour denth 

smo 

the maximum scour depth relative to B (i.e. d_„ /B) as a 

oIIlO 

function of pier Reynolds number (R-gp) and of flow Froude 
number (F^) have been plotted in Fig. 3.2f for Rgp in the 
range 11.92x10^ to 24.08x10^ and for F^ from 0.22 to 0.3 7, 
respectively. Scour data are also plotted against the scour 
profiles of Laursen and Toch and of Shen as shown in Fig.3.5f. 

From thesi Figures one can say that maximum local scour depth 
at the leading nose of the pier depends upon both Rgp and F^^ 
under flow conditions tested for a given pier shape and size. 

3.3 Parametric Study with Delta-Wing-Like Passive Device 

The passive device used is a thin delta-wing-like plate . 

On its bottom flat side is attached a thin vertical spinal rib 
along the line of symmetry of the delta wing. The thin vertical 
spinal rib tapers down to zero height at the delta vertex as 
shown in Fig. 3.1b. 

3 • 3 . 1 Choi ce of passive device length in the flow direction 
The choice of device length was based on effective 
hydraulic reason namely maximum local scour depth, extent of 
scour hole and location of maximum local scour depth in plan. 

■ Five model devices designated as and were fabricated 

and tested, in which only the length of the passive device in 
the flow direction has been varied while other dimensions were 
kept constant as h = 0.5B and b = 1.5 B. The results for 
comparison are recorded in Table 3.2. Scour depth as function 
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of time is plotted in Fig. 3.5.1a for different tests. 

Profiles and extents of scour hole around model pier for 
the five model devices are drawpi in Fig. 3.3.1b. Relative 
scour depth as ratio d /d^^^ against relative length of 
device as l/B has been plotted in Fig. 3.3a. Here d is 

o iu 

maximum scour depth at the leading nose of the pier when 
model device is attached to the leading nose of the pier, 1 
is the length of model device along the flow direction. From 
the above fi,gures some significant remarks can be mad'e: 

a) Maximum scour depth as function of time increases with 
time for both pier without and with device attached. 

The difference in value of local scour depth in the case 
of pier with device is less than that in case of pier 
alone. The maximum reduction achieved in case of pier 
attached with device is 36.4 percent for model with 
l/B = 2.5. 

b) Deposition occurs in the Section CC ' and behind the pier 
along section LL’ (see Fig. 3,3.1b) . 

c) , Scour depth in the maximum scour depth line is less and 

its location is far away from the pier surface compared to 
that in case of pier without device, 

d) Effect of the, length of the passive device on the scour 
depth is not very significant as the data plots nearly 
parallel to the abscissa. However, M 2 gives slightly better 
choice with a length 12,5 cm and maximum reduction of 
scour depth is 36.4 percent. Thus the length of model 
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device equal to 12.5 cm or 2.5 B was selected for 

further study. 

3 •3.2 Choice of device width 

In order to choose the width of the passive device four 
model devices denoted as M 5 , My, Mg and M^ were made and 
tested after the length of the model device was chosen as 
mentioned in Section 3.3.1. The resulting maximum scour depth 
data are given in Table 3.3. Maximum scour depth as function 
of time in plotted in Fig. 3.3.2, and ratio d_/d against 
b/B is drawn in Fig. 3.3b, In these tests model My with its 
width equal to 2B appears to effect a remarkable reduction in 
scour depth (38.6 percent). This unables model width as 2B 
to be chosen for further - tests to determine optimum model height, 

3.3.3 Choice of passive device height 

For this last choice of dimension of model device nine 
devices of different height designated M^q, ^ 3 ’^ 4 * 

Ml^ 5, Fljg, y and M^g were made and tested after the length 
and the width of the model device were selected as 1 = 2,5B 
and b = 2B. Table 3.4 presents the results of these tests. 
Maximum scour depth as function of time for different heights of 
the passive device has been plotted in Fig, 3.3,3a. Profiles 
of scour hole and location of maximum scour depth with varied 
model device height, or ratio h/B, has been plotted in 
Pigs, 3,3.3 c,d. The ratio of d^ydg^j^^ against ratio h/B as 
given in Fig. 3.3c shows a tendency of reduction of maximum 
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R6.3.3.3 b. PROFILES OF SCOUR HOLE WHEN . 

HEieHTOF DEVICE VARIED AS RATIO h/B 

e. LOCATION OF MAX. SCOUR DEPTH LINES 
WHEN RATIO h/B VARIED 
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scour depth as the model height reduced. 

Some significant observations on influence of model height 
on maximum scour depth are: 

(a) Model q with its height equal to zero produces the 
highest reduction of maximum scour depth (as 63.8 percent). 
While maximum scour depth as function time goes lov/er 
compare to data of all model device tested. 

(b) The maximum local scour depth, and the location of scour 
depth lines in section BB’ , CC* are affected by model 
device height significantly as can be observed in 
Figs. 3.3.3;b,c . In section BB’ that location is awny 
from the pier surface about 0,7bB to 1B but in CC it is 

about 1.5 B away. Reduction in scour depth is also 

<« 

observed at section BB’ , Near the pier surface scour 
depth is quite less compared to pier without device, but 
in CC deposition near the pier surface is seen. 

(c) It seems that location of maximum scour depth line in 
section BB’ is closer to pier surface when ratio 

h/B > 0,62. When ratio h/B increases from 0 to 0.5 B 
and higher location of maximum scour depth line in 
section AA’ is coming closer to pier surface as in the 
Case of pier without device and stops there. However 
in cross-section CC’ that location is far away from pier 
surface, a considerable distance of about 1B to 2B, but 
concentrates at a point 1 .4B away from the pier surface 
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v/ith its maximum scour depth value similar to the case 
of pier without device. Influence of model height on 
the maximum scour depth along the pier in cross-seotion 
AA', BB’ and CC’ during the run and in equilibhium 
oondition is illustrated in Figs. 3.3d and 3.3e 
respectively. It may be observed that the scour in 
cross-seotion CC scatters. Visually it is observed 
that an action similar to vacuum cleaning process is 
taking in the section CC during scouring process before 
equilibrium reaches. In some cases scour in cross- 
section CC is higher than that in cross-section AA’ and 
B3’ . Model MLj g , appears maximum scour not only in 
cross-section AA’ but in section CC as well. Scour' 
depth Value in section AA* , BB’ and CC’ are higher 
compared to all other models. Model M^, leaving M^q . 
seems to give better reduction of scour depth in all 
sections during the run. In equilibrium condition model 
My appears better than all other models. This effect 
is seen in the variation of b/3 also near b/B = 2. 

(d) The probable enveloping curves for the data are drawn in 
Fig. 3.3c. This enveloping curve appears to consist of 
two segments. The first curve segment associates with 
the model height ratio h/B from zero to 0.4 and second 
part from ratio 0.6 to 1 .5. In the second segment, 
when h/B > 0.6 „ d^ /d^^^ = 0.76 remained constants is 

^ oIH SUIO 

indicating the ineffectiveness of height-variation on 



52 



S)fnh 

M 

h/b 

— 

7 

Wj 

r 

0.5^2 

4BiZ 

■m. 


^CQUR- 

PEPOStT 


FI6. 33. d. .RATIO dsf(isj% DURING TEST HME' 
IN SECTION AA\BB',CC' 



AA 


FlG.3.3.e. 


Mrr a 
^ .Z 


SCOUR- 


DEfOSIT 


\HC 
^16 

.RATIO dsfdsnio IN EQUILIBRIUM 
IN SECTION AA\BB'^CC' 




scour reduction 


■'./hen model height equal to zero reduction is in a range 
of 55.6 percent to 63,8 percent. Reduction is about 38.6 
percent to 43 percent at model height ratio h/B = 0.5. 

Some statements of parameteric sbady of passive device 
effect can be made as follows: 

Reduction of maximum scour depth fluctuates in a range 
22 percent (Itjg) to 43 percent (M^) for model height 
larger than zero, 

(р) Profiles of scour hole appear batter in a hydraulic sense, 
illustrated by reduction of maximum scour depth, location 
of maximum scour depth line diverged far from the pier 
surface in section (BB*) and the appearance of 
deposition in section (CC’) and behind the model pier 

in section (LL'). 

(с) Model Krj seems to give better reduction of maximum scour 
depth when model height is larger than zero. It may be 
selected as protection passive device for comparison 
with previous protection works and for further study. 

(d) When model height equal zero it may considered as a 
part of collar used for protection of pier against 
scour. Under , tests flow condition-'model M^q with 
its height equal to zero gives maximum reduction of 
maximum scour depth in a range 55.6 percent to 63.8 
percent compared to model pier alone (without device). 
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(e) This better hydraulic performance of model M^q and 

enables us to couple flat plate a.nd passive device as 
a combined device- that will be tested. 

It can be stated that, except for model height equal to 
zero, the horseshoe vortex formation at the pier junction 
with 'mobile bed' is deflected 'and modified to form counter - 
rotating vortex on either side of the pier from the vertex of 
the passive device. As an explanation to this effect, the 
schematic line diagram of the vortex with and without passive 
device are shown in Fig. 3.9.1, and Fig. 3.9.2 and Fig. 3.2.3. 
They appear as two streamwise streaks to wrap around the 
leading edge of the passive device and become stronger as 
they move beneath the wing or either side of the vertical 
spiral rib and push sediment towards the pier. Also along all 
other verticals within the fluid affected by passive device, 
there would be a vertical pressure gradient. These pressure 
gradients give rise to vertical secondary flows. On the 
upstream side along the edges of delta-wing these secondary 
flows are downward at least within the layers of fluid 
affected by model device height. This leads to an increase of 
the fluid velocity of counter rotating vortex in the vicinity 
of device jumctioned with pier. Thus, sediment is no longer 
far away from the pier but is pushed towards the pier. However 
the 'sjesidual original horseshoe vortex also exists beneath 
the passive device near the leading nose of the model pier but 
its strength is reduced considerably. That is why scour exists 





beneath the passive device. , The reduction of maximum scour 
depth is not only due to weakening of the original horse shne 
vortex but strengthening of the counter-rotating vortex as 
well , 

Scour first occurs at the leading nose about + 45'^ to 
i 7b° on both sides of the pier , then reaches to the spinal rib o 
the passive device along the centre-line of the pier. After 
some time scour extends to the vertex of passive device. The 
scour depth at this location more or less depends on the 
passive device length, but is always less than that at the 
pier nose. Scour at the pier nose deepens as the scour hole 
widens on both sides of the pier and along the spinal rib 
under passive device, until ripple or a dune reaches the 
pier. 

Furthermore, due to the arresting of scour development 
at the pier nose the strengthened counter-rotating vortices 
dig scour holes on both sides of the downstream half of 
the pier and slightly far from it about pier width. These 
scour holes are large in plan and low in depth, and they move 
down stream diagonally towards the rear of the pier, 

3 ,4 Flat Plate 

To study the influence of shape and dimension of 
flat plate on maximum scour depth, three types of flat plate 
(see Fig, 3.4) were tested. The flat plate was situated at 
undisturbed bedllevel, symmetrically, fixed to the leading nose 
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of the model pier along its centre-line. 

(a) Semicircular plate with inner diameter B enveloping the 
leading nose of the pier. 

(b) Triangular plate touching leading nose of the pier. 

(c) Triangular plate with a semicircular cutout having radius 
equal to half pier width, 3/2, for enveloping the 
leading nose of the pier. 

The experimental results given in Table 3.5a,b are 
plotted in Figs. 3.4a,b. Lengths 1 and 1^ are defined for 
the plate as shown in the index of Fig. 3.4a and b. The 
effect of Variation of 1. /B on the scour reduction ratio d /d 

1 SIu oIIlO 

is shown in the Fig. 3. 4a. In all the triangular plates used, 

the width of the plate is fixed as bi^/B = 2,0. From Fig, 3. 4a 

the maximum value of d„ /d occurs for model 11,^, All other 

sm smo 1 9 

model, the scour depth more or less remains same. However, 
the minimum value occurs at 1^/B = 1,5, Fig. 3.4a clearly 
indicates the invariant effect of 1^/B on the ratio • 

For the study on width variation 1^/B = 1.5 or 1/b = 2.0 is 
chosen. As can be seen in Fig, 3.4b, the effect of increase 
in width of the plate, type (a) has a greater influence in 
the reduction of scour depth, Tj^e(c) plate is more effective 
than type (a) at h-iy^B = 2 and further increase of h^B ratio 
causes minimal further reduction in in which b^ is 

defined as the width of flat plate. The effective width ratio 
will be h.jy^B = 3 as seen in Fig. 3.4b. 
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At = 2 , the size of the vortex may be more than 

the plate size, hence it results in more scour. As the plate 
width increases, the vortex is contained on the plate itself. 
This may results in less scour as observed in Fig. 3.4b. 

Plate type( c) appear .to perform better than type(a\. Hence 
this is used for further investigation. 

When flat plate is fixed to the leading nose of the 

pier with its width 'and length large enough to control horse- 
not 

shoe vortex/ to penetrate into mobile bed or weaken its 
capacity of digging mobile bed ^ scour depth occured at the 
leading part on both side of the pier and \ander the plate 
is quite less but higher in either rear, even at the back nose 
of the pier. This phenomenon of scour around the pier has 
been recognized long time due to wake, vortex -acting as 
vacuum cleaner. In this case flat plate acts somewhat as 
rigid bed preventing downflow which could erode bed material. 
The scour first occurs in the corner formed between the 
leading nose of the pier and device on either side. After 
some time scour forms at the vertex of the triangular plate 
or at the edge of the semicircular plate along the centre-line 
of the pier, then this process continues to dig bed material 
to form scour hole beneath the plate. Depending upon shape, 
geometry of flat plate and extent of leading part of the pier 
enveloped by flat plate. 4 The horizontal extent and depth of 
scour will be more or less (see Fig* 3.5e), In the case of 
flat plate it seams some layers of downflow go along the 
edge of triangular flat plate or along the edge of semicircular 
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flat plate upto location of the second half of the pier in 
downstream far away from pier surface about pier width to 
form vortex and scour hole. This scour hole runs towards the 
pier rear as it shifts downstream. Under this flov; condition n 
better shape of flat plate is triangular with its width equal 
to 3B and its length along the flov/ direction equal to or 
larger than 1 5B because model IVl^^ enveloped leading part 
of the pier having its wid;th equal to 3B and its length equal to 
1 .5 B gives maximum scour depth reduction upto 73.23 percent 
compared to pier alone, 

3.5 Combination of Delta-V7ing-Like Passive Device with Flat Plate 

Passive device with dimensions h^/B = 2, h/B = 0.5 and 
l/B =1,5 and 2,5 is attached with bottom triangular flat plate 
belbw the rib of the device. The flat plate edge is 
tangential to the front nose of the pier and on the some vertical 
plane of the upper plate edge. Models 26, 28, 44a for 
different b-j^/B ratio were tested. The ratio of maximmnn 
relative scour depth is plotted against bottom width ratio 
VB is shown in Fig. 3.5a. It may be observed that as 
b-j^/B increase from 1 to 3, the relative scour depths 
reduces from 0.78 _to 0.4, For each model experiments are 

fr • 

conducted twice at m.ore so that mean value of the relative 
scour may be used. It is logical to think that as the width 
of bottom plate increases, the possibility of containing the 
vortex developed beneath the passive device in front nose of 
pier increases. This leads to reduction in relative scour 
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FITTED WITH COMBINED DEVICE 



FI6. 3.5-e .VARIATION OF SCOUR DEPTH AL0N6 
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depth. Experimental results show effective hydraulic 
reason for model 44a as reduction of maximum scour depth 
about 62 percent. So that model 44a viith = 3 and 

1-^b/B = 1.5 is chosen for next: study. 

The second phase of experiments on the combination 
of passive device with flat plate is aimed to study the 
variation in width of the passive device (upper plate width) 
with respect to constant flat plate width b^/B = 3 and 
l-^b/B = 1.5 or l^B = 2. The dimensions of passive device 
fixed, as h/B = 0.5 , 1^/B = 1 and passive device width varied 
is b^/b-i^ = 0.5 to 1.166 or b^/B = 1.5 to 3.5. This phase 
consists of two case. In the first case bottom plate is 
fixed tangential to the front nose of the pier. The model 
No, 44, 45, 47 made with b^/b.^^ = 0,666 to 1.166 or b.|^/B = 2 
to 3.5 for this case. The relative scour depth d /d _ is 
plotted against b^/b-j^ in Fig. 3.5b. It is observed that 
increase in b^/b-j^ results in increase of dgjj/dgjjj^ (see curve 
No. 1 in Fig, 3.5b). 

\ 

In the next case the triangular bottom plate with inner 
diameter B is cut and fixed to front nose of the pier. The 
model No. 36,37, 39 and 40 with b^/bfe varied 0,5 to 1.166 or 
b^/B Varied 1.5 to 3.5 were tested. The plot of 
with bybb shown in Fig. 3.5b as curve (2) represents their 
results. It may be observed that the relative scour depth 
dgjj/dgmo7:’®duces considerably with increase in b^/b^ ratio. 
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The reason for this conflicting trend in the two case may 
be as follows. On the front face of pier, below near the 
passive device horseshoe vortex of certain reduced strength 
will be developed. This horseshoe vortex is not controlled 
by the bottom plate when it is intangential to the front 
nose of the pier. In the second case, this horseshoe vortex 
is fully contained on the bottom plate and it is channelized 
along the pier surface downstream. Thus the scour due to 
the horseshoe vortex much reduced in the second combination 
of plate and passive device. 

In the third phase all the other dimensions are fixed 
and only height is varied. The dimensions fixed are bT_^/B=3.5, 
h/B = 0.5, 1 .q/B = 1 , h-jy^B = 3, lb/® = ^ and only model 
height varied 0.5 to 0.75B for triangular combined device 
as model No. 40, 42. For case of model No. 30,31 bottom 
plate with inner diameter B is semicircular having it diameter 
equal to 3B fixed. Dimensions of upper plate fixed are 
b^/B = 3, l-]/B = 1 only model height varied 0,25 B to 0.5B. 

The resulting maximum scour depth in relation to of 

model No. 30,31 , 40, 42 i's plotted against h/B in Fig. 3. 5c. 
It is observed' that h/B = -0.5 gives the reduced value of 
dsi/dgmo and for either increase or decrease in h/B dgm/dgmo 
increases . 

Another model denoted as model No. 43 having the 
same upper plate dimension and its height as model No, 40 
but bottom plate is elliptic shape with minor axis equal to 
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33 and major axis equal to 4B in the flow direction. This 
bottom plate is cut with a semicircular hole of diameter B 
and fixed to front nose of the pier. This model as shov/n 
in Fig. 3.5b in the second phase gives ^s^/dsmo higher 

than that of model No. 40. From Figs. 3.5a, b and c gne can 
say that model Mo. 40 give highest reduction of scour depth 
about 83.7 percent to 92.1 percent. This model will be 
used for further study. 

Figures 3.5d and 3.5e show the magnitude of dgjj^ at 
lateral locations AA', BB’, CC’ respectively for combined 
device and for triangular plate. The magnitude of maximum 
scour depths at AA’, B3’ , CC’ for pier without device is 
also incorporated for comparison. It is observed that in 
both case the magnitude of scour by model No. 40 give the 
minimum possible scour depth, 

,> ; A. 

3 . 6 C ooperative Tests 

Several types of local scour protection work are in 
vogue since a long time. In this investigation four such 
types have been studied under the selected flow condition. 
The experimental results are recorded in Table 3.7, and 
relevant parameters are plotted in Figs. 3.6a and 3.6b for 
comparison with the delta-wing-like device. 

Type 1' caisson with vertical lip was studied. The 
vertical lip effect on local scour depth is not clear under 
this flow condition because time for scour reaching collar 
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surface when collar, caisson without vertical lip and with 
vertical lip placed below bed level B/2 is the same. Scour 
steps on the surface of caisson because that surface is 
practically^ rigid at bridge site. 

Type 2 axial circular collar width different positions 
on the pier was tested as shown in Table 3.7 and plotted in 
Fig, 3.6. It is evident that the circular collar placed on 
the Sand bed level prevented scour completely under this 
flow condition. When it is inserted a depth B/2 below flat 
bed level the scour stopped on its surface after three 
minutes, when fixed distance B/2 over bed level it gives 
maximum scour depth of 4.29 cm, that is a reduction of 
32,44 percent. For the latter case local scour occurs as 
if no collar existed and the confinement of horseshoe vortex 
and of secondary flow is less effective compared to the case 
of collar placed on bed level. This shows the extreme 
importance of the vertical position of the collar. / 

Type S^'R-iprap mat' with diameter of boulders about 
1.2 cm to 1.45 cm was placed around pier with its thickness' equal 
to three times its diameter. No scour occurs .for this test. 

This diameter of boulders is selected following formular 

of Isbash (1935). 

» 

Type 4- Smallpiles. Experiment with five small piles 
of diameter equal to 1 cm ( = B/5) ahead of main model pier 
as indicated in Table 3.7 was conducted,. The maximum scour 
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depuh at the leading nose of the main model pier was found 
to be A. 99 cm and scour at each pile from left to right was 
2.83 cm, 3.03 cm, 2.58 cm, 2.78 cm and 2,43 cm respectively. 
Perhaps this test does not yield significant reduction in 
scour because the spacing and flow- alignment of piles are 
not perfect. 

From the above results one can say that reduction of 
maximum scour depth is evident when some types of protection 
were inserted around the model pier. Axial collar with its 
width equal to the model pier width and 'riprap mat' with 
boulder diameter equal to 1 .2 cm to 1 .45 cm give no scour. 

The above data for tests with types 1 to 4 are a good reference 
for comparison with delta-wing-like passive device and its 
combination with flat plate in this investigation, 

3 .7 Combination of Passive Devices at Different Height of 
the Pier Under Different Flow Conditions 

From curve no. 2 in Fig. 3.5b it is evident that 
model No. 40 (dimensions mentioned in section 3.4)gives 
remarkable reduction of scour depth in a range of 33.72 to 
92.1 percent under steady flow condition with average Froude 
number F^ equal to 0.22, To know the effectiveness of this 
model in other flow condition some tests have been subsequently 
conducted with device. Probably if the model no. 40 
is placed below the bed level, nearest the lowest level of 
valley of the ripple, the scour may be prevented completely. 



Vvith this in view, a comtination of model no, 40 , with flat 
plate are tried as model 51 in the next phase of experiments. 
Model 51 consists of combines passive device fixed on the 
sand bed level, and a flat plate placed distance B/2 under 
bed level. Other Model as model 52 formed by two combined 
passive device, one fixed on the flat sand bed level, and 
other fixed distance B/2 under bed level respectively, (see 
Fig. 3.7d). These models gave reduction of maximum scour 
depth upto 62.9 percent under Froude = 0.374. 

From results of M/^q ,^51 ,^52 some observation, can 
be made. Figure 3.7a shows variation of scour depth as 
function of time when pier is fitted with model device M 40 
under flow condition F^ = o.30. Fig. 3.7b illustrates 
profiles of local scour hole at section LL', AA’, BE’, CO' 
recorded at the end of steady run lasting 185 minutes and 
after water was drained overnight. Though the reduction of 
maximum scour depth is only 19.5 percent, however, there is 
greater reduction in scour depth along downstream half of 
the pier, high deposit of sand in the near wake region, and 
maximum scour depth line is diverted far’ away from pier_ surface 
in a range of 1.5B to 2 B in that region. Performance, model 
M/^q at higher Froude numbers, with respect to scour reduction 
is very poor, particularly at nose of the pier. From Fig. 3. 7a, 
scour depths increase gradually upto period of 75' minutes, 
increases rapidly with fluctuations after 75- minutes. It 
was observed that the incomming ripples height, i.e. the 
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differ'^nce between crest to valley is of the order 3.3 cm 
v/hen the valley of the ripple reaches near the pier nose 
the flow may penetrate below the M^q device, leading a 
phenomena of scour. 

Fig. 3.7 c shows the development of maximum scour 
depth with time for model No. 51 and 52. The scour profiles 
under equilibrium conditions for these model are shown in 
Fig. 3.7d. It may be observed that model combination No. 52 
gives much reduction in maximum scour depth, namely 2 cm for 
Fy;, = 0,32 and 2.66 cm for F^^ = 0,37 occurring at cross-section 
AA’ , It was observed that scour took place in the front nose 
of device. The maximum scour reduction for F^ = 0,37 is 
62.9 percent of the scour without any device. The maximum 
scour depth lines are away far from the pier surface at distance 
of B to 1 ,5B, The downstream section along L’ have depositions 
of sediment. The position of maximum scour depth lines for 
models tests M^q, and shown in Figs. 3.7e and 

'5, It, It is observed that the maximum scour depths lines 

for M40 when F^ = 0.3 as shown in Fig. 3.7e is near the pier 

nose at AA’ and diverges from the pier surface at sections BB’ 

and CC ' . For combined model device and Mg2 maximum 

scour depth line is always atleast a distance 0,8 B (see symbolv 
in section CC’ in Fig, 3.7f) from pier surface. This happens 
even at a distance 1 B at section AA*. All the combined device 
results indicate passive device located at bed level and 
below at distance B/2 gives scour reduction over an order ■ 

60 percent. 



3 • Q Co mpar i son wi th Standard Passive Device as Suggested 
by Gupta (1 987) . 


A.K, Gupta (1987) suggested delta-wing-like passive 
device for scour reduction. This model is considered as 
standard. Standard configuration of passive device has the 
following geometry. If B , the width of the pier is taken 
as characteristic length, the dimensions of the passive 
device are as follows: 

Width equals to 1 .5 B 
Length equals to 2 B 
Height equal to 0.5 B 

Under the first phase of test flow condition (F^ = 0.22) 
this standard configuration gives maximum scour depth reduction 
at the leading nose of the pier in a range of 4,15 cm to 4.5 cm, 
the corresponding reduction is 29.3 percent to 34.6 percent. 

From the present investigation the combined passive 
device has the following dimensions: 


b^/B =3.5 lyB = 1 

b^B = 3 . VB = 2 


h/B = 0.5 


in which flat bottom plate envelops round leading nose of 
the pier. Passive device above dimensions one to be placed at 
bed level and an other at B/2 below bed. level. This combination 
for high Froude Number = 0.37 can reach maximum scour depth 
reduction over 60 percent. 
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3 • 9 Flow Visualization fay Paint Impression 

1 ) Genera l 

This seotion deals with the analysis of results, 
such as flow visualization to obtain influence of the passive 
device width on modification of the horseshoe vortex formation 
at the leading nose of the model pier. The results of flow 
visualization study are described in which the efficiency of 
passive device width in modifying the horseshoe vortex flow 

structure around the model pier foot at junction with rigid 

.. ■■■■ 

bed , illustrated. In all 21 tests , for model pier alone 
and model pier with model device., were conducted under three 
different flow conditions as Froude numben equal to 0.22 , 

0,555 and 0.7. The water ddpth of 9.7 cm at the same 
location of pier situated in mobile bed was maintained for 
all 21 tests. The device with its width varied from 1B 
to 3.5 B for a height equal to B/2 and its length along flow 
direction equal to 1 .0 B has been attached to the leading 
nose of the pier, - ' Plat plate of dimension 60 cm long 

and 48 cm v;idth, was used as flat bed at the test section. 

The pier with model was attached to the bed, 

2 ) Flow visualization 

Flow patterns near the bed and pier by paint impression 
mdthod are obtained. Firstly, steady flow for each flow 
condition as required is setup. Then model pier alone and 
model pier with model device painted is tested subsequently. 
Original flow pattern obtained by paint impression technique 
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has been traced and reduced in size as shown in Figs. 3.9.1, 
3.9.2 , 3.9.3 and 3.9.4 respectively. The typical photo 
view of the flow patterns are shown in Fig. 3.9.6. The 
typical photo view of horseshoe vortex form at the leading 
nose of the pier is shown in Fig. 3.9.5, 

2 *1 Flow Pattern on. the p-lat e 

Regular streak lines of paints are observed on the - 
plate for pier alone and pier with model device width varied 

under different flow conditions. 

a) For the case of pier alone 

The streak-lines clearly 

indicate the zone of front stagnation, stagnation point and 
zone of separation occurring on the plate due to model pier 
mounted on it. A number of lines indicating the number of 
vortices inside the separating region are also seen in 
Figs. 3.9.1, 3.9.2 and 3,9.3. In these cases at least four 
vortices, (horshoe vortex) form. In the wake region the 
streaklines close systematically in the downstream of the 
pier. The vortices wrap the pier on the plate, and form 
large vortices behind the pier. Two large vortices penetrate 
each other as shifting downstream to form a vortex sheet 
behind the pier along flow direction, 

b ) F or the case of model pier fitted with model device 

The streaklines obviously show separation point upstream 
of the vortex of passive device. The line of separation 
ahead and beneath the passive device moves down the pier and 
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wraps the pier. For these test flow conditions and this 
model pier fitted with device it seems that separation point 
ahead of the device vortex does not vary in a large range 
for Various flow conditions. Separation point at angle 
® ± on separation line for all tests form curve line. 

The oncoming flow separates ahead of passive device , curves 
beneath passive device coming towards the leading part of 
the pier, on either side of the spinal rib and pier. Streak- 
lines are curved more or less depending upon passive device 
width. Separation region around pier is less compared to 
flier alone, representing the modification of the original 
horseshoe vortex. 

As the width of the passive device increases, the 

separating region in front of the pier nose reduces. The 

streak lines penetrate deep inside the passive device also 

they move very close the pier surface on the lateral side of 

the pier. The wake region in downstream is reduced in si'ze. 

Thussfrom these flow patterns it can be inferred that the 

reduction in horseshoe vortex near front nose of the pier 

is due to influence of passive' device , 

2.2 Flow Pattern on the Surface of the Pier 

a) C lean pier 

Figure 3.9.4 show the point impressions of the flow 
pattern on the surface of the pier. For the case a peir alone 
the separation line starts just above the plate and continues 
upto the free surface. The stagnation line starting at some 



distance above the plate at 9 = 0° is observed, in all 
cases. The flow along the pier seemsv.to be devided into two 
parts, upflow and 'downflow. Up flow is similar flow past 
a pier held in uniform flow with ffee surface on the upstream 
of the pier. Downflow is affected by horseshoe vortex formed 
at the leading nose of the pier, near junction with plate. 

For Fp = 0.555 and 0.70 this is quite obvious, "^/ertical 
separation line on the pier surface in section AA' is also 
observed. 

b) For pier fitted with device 

Separation point is just above plate 2,5 cm on either 
pier side in section AA’ for all cases. It is clear that 
this point depends on model device height. Depending upon 
model device width flow on both sides of the pier is divided 
into three or four zones along pier height. When model device 
width is larger than 2B on either pier side there are three 
flow zones from water surface to the bottom. Zone 1 is 
affected by upflow over the top of model device. Zone 2 
affected by counter-rotating vortex initiated by model 
device and Zone 3 belongs to wake region. 



CHAPTER IV 


CONCLUSIONS AND SUGGESTIONS 

4 . 1 Conclusions 

Based on results of the present investigation some 
conclusions are as follows: 

^ ) Passive device dimensions 

(i) It is observed that the length of the passive device 
has negligible influence on the scour depth reduction 
for its length larger than pier with. 

(ii) The width of the device equal 2B give max scour depth 
reduction 36.8 percent for Fp = 0.22. 

(iii) The height of the device equal, 3/2 give the same max. 
scour depth reduction as 36,8 percent for = 0,22, 
Further it is observed that when the height of device 
is zero, device acts as flate plate and give the 
reduction in scour depth upto 55.6 percent for 

F^ = 0.22 for a given width equal to 2B. 

b ) Flat Plate 

With the above study, the experiments were conducted to 
find optimum dimensions of the flat plate for maximum-scour 
depth reduction. It is observed that the triangular plate 
with inner diameter B for enveloping the- leading nose of 
the pier with its width equal to 3B and its lengths equal to 
2B gives maximum scour depth reduction about 73.2 percent 
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for Fj, = 0.22. 


) Combination of passive device v/i th fla t plate 

From the about two separate studies it is felt that 
the combination of passive device and flat plate enveloping ' 
semicircular nose of the pier may be tested. From series of 
experiments it is observed that the combination of the device 
with following dimensions gives the scour reduction upto 
83.7 percent for F^ = 0.22. 


b^B =3.5 

b^B =3.9 


V® = 1 

VB = 2 


h,/B = 0.5 


This combined device even give more reduction in maximum scour 
depth than flat plate alone . 


^ ) T esting of the combined device for highest Froude Number 


It is observed that the combined device placed at bed 
level for high flow condition did not perform well, V/hen the 
system of combined device placed on and at distance equal B/2 
under bed level gives-a very promising scour reduction. The 
scour reduction is 62.9 percent for F^ = 0,37. 

® ) Corny arisen with device 


It seems that passive device gives more effective 
reduction in scour depth than piles placed ahead of main pier. 
Combined device is more effective than passive device and flat 
plate. 
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S ) pattern 

From flow visualization study, it is observed that the 
influence of width of the passive device leading to the 
penetration of streacklines below the device and also towards 
the pier surface becomes more with increase in width of the 
passive device. The separating region due to horseshoe vortex 
formed infront of the leading nose of the pier beneath the 
passive device decreases with increase in device width. 

4.2 Recommendations for Further Study 

(i) For further study, it is suggested to investigate 
the flow characteristics past -the cylinder model with 
combined device. 

(ii) Study influence of combined device with its dimensions 
mentioned above on scour depth for some other pier 

AV- 

shapes and an other sand grain coaser than sand in 
this investigation is needed 

(iii) Combined device model having flexible plate should 
be t'ested. 

(iv) . It will be very interesting to investigate the 

distribution of pressure and vortices in vicinity of 
combined device so that flow condition for applying 
this device will be clear. 





Fig. 3.9.5 : The Typical Photo View of Horseshoe Vortex 



Fig. \a)i Fj, = 0,22 , b as IT.S cm, B as 5 cm 
Fig, 3.9.6 J The Typical Photo View of Flov; Pattern 
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FI'S* 5,9*6 (b) I Fj, m 0,22 j B « 5 cm 

Fig* 3*9.6 contd,,. 



Fig, 5.9.6(c): = 0.55 , B = 5 cm 

Fig, 3,9.6 contd... 
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'■ig- 3.9.6(f) : 


Fj, . 0.55, b = 12.5 cm, B = 5 cm 

Fig. 3.9.6 contd... 







TABLE 2.1 : SEDIMENT CHARACTERISTICS USED FOR THIS STUDY 


Model 

Number 

Arithmetic 
mean size 
in milli- 
meters 

D 

Median 
size 
in mm 

^50 

Geometric 
mean size 
in mm 

Standard 

deviation 

^■xl 

Geometric 

standard 

deviation 

O' 

S 

1 

2 

3 

-4 

5 

6 


1 

0.156 

0.16 

0.160 

4.7 

1 .217 

2 

0.150 

0.15 

0.156 

4.895 

1 .155 

a 

0.157 

0.16 

0.160 

4.892 

1.270 

3 

0.158 

0.16 

0.160 

5.184^ 

1 .270 

3 

0.155 

0.155 

0.161 

5.082 

1 .240 

4 

0,164 

0.155 

0.161 

5.234 

1 .240 

4 

0.155 

0.160 

0.161 

5.047 

1 .240 

5 

0.153 

0.155 

0.161 

4.720 

o 

CM 

• 

5 

0.159 

0.155 

0.161 

5.413 

1 .240 

6 

0..153 

0.155 

0.161 

4.860 

1 .240 

7 

0.152 

0.155 

0.161 

4.776 

1 .240 

7 

0.154 

0.156 

0.161 

4.940 

1 .240 

7 

0.150 

0.156 

0.157 

4.693 

1 .209 

8 

0.150 

0.156 

0.157 

4.613 

1 .209 

9 

0.150 

0.156 

0.157 

4.682 

1 .209 

10 

0.152 

0.156 

0.157 

4.813 

1 .209 

10 

0.154 

0.155 

0.161 

4.857 

1 .240 

10 ■ 

0.152 

0.150 

0.157 

4.790 

1 .210 

11 

0.150 

0.155 

0.164 

4.872 

1 .217 

12 

0.150 

0.155 

0.154 

4.756 

1.210 

Contd. 
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SEDIMENT 

CHARACTERISTICS 
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■US STUDY 

Model 

Number 

Arithmetic 
mean size 
in milli- 
meters 

D 

Median 
size 
in mm 

°50 

Geometric 
mean size 
in mm 

“g 

Standard 

deviation 

^■xl 0~^ 

Ge ometric 

standard 

deviation 

a 

s 

1 

2 

3 

• . -4 

5 

6 

1 

0.156 

0.16 

0.160 

4.7 

1 .217 

2 

0.150 

0.15 

0.156 

4.895 

1.155 

a 

0.157 

0.16 

0.160 

4.892 

1.270 

3 

0.158 

0.16 

0.160 

5.184^ 

1 .270 

3 

0.155 

0.155 

0.161 

5.082 

1 .240 

4 

0,164 

0.155 

0.161 

5.234 

1 .240 

4 

0.155 

0,160 

0.161 

5.047 

1 .240 

5 

0.153 

0.155 

0.161 

4.720 

1 .240 

5 

0.159 

0.155 

0.161 

5.413 

1 .240 

6 

0,153 

0.155 

0.161 

4.860 

1 .240 

7 

0.152 

0.155 

0.161 

4.776 

1 .240 

7 

0.154 

0.156 

0.161 

4.940 

1 .240 

7 

0.150 

0.156 

0.157 

4.693 

1 .209 

8 

0.150 

0.156 

0.1 57 

4.613 

1 .209 

9 

0.150 

0.156 

0.157 

4,682 

1.209 

10 

0.152 

0.156 

0,157 

4.813 

1 .209 

10 

0.154 

0.155 

0.161 

4.857 

1 .240 

10 • 

0.152 

0.150 

0.157 

4.790 

1 .21 0 

11 

0.150 

0.155 

0.164 

4.872 

1 .21 7 

12 

0.150 

0.155 

0.154 

4.756 

1.210 

Contd . . . 
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1 

2 

5 

4 

5 

6 

15 

0.150 

0.155 

0.157 

4.686 

1.210 

15 

0.150 

0.155 

0.157 

4,653 

1 .210 

14 

0.150 

0.150 

0.159 

4.828 

1 .195 

1 5 

0.152 

0.150 

0.159 

4.907 

1 .195 

15 

0.151 

0.150 

0.159 

5.022 

1 .195 

16 

0.150 

0.150 

0.159 

4,949 

1.191 

17 

0.151 

0.150 

0.159 

4.765 

1 .191 

18 

0.154 

0.154 

0.164 

4.917 

1.223 

19 

0. i 51 

0.150 

0.164 

4.899 

1 .217 

20 

0.1 55 

0.156 

0,1 64 

4.932 

1 .217 

21 

0.1 54 

0.1 56 

0.164 

4.920 

1 .217 

22 

0.152 

0.150 

0.164 

4.896 

1 .217 

25 

0.155 

0.156 

0.164 ■ 

5.266 

1 .217 

24 

0.155 

0.156 

0.1 64 

4.835 

1 .217 

25 

0.151 

0.156 

0.164 

4.870 

1 .217 

26 

0.158 

0.160 

0.168 

5.528 

1 .247 

28 

0,155 

0.156 

0.168 

5.146 

1 .247 

29 

0.157 

0.1 56 

0.168 

5.216 

1 .247 

56 

0.150 

0.150 

0.160 

4.930 

1 ,1 86 

58 

0.155 

0.150 

0.164 

5.367 

1 .217 

59 

0.151 

0.150 

0.1 62 

5.115 

1 .200 

40 

0.152 

9.1 50 

0.164 

5.246 

1 .21 7 

443. 

0.152 

0.150 

0.160 

4.857 

1 .1 86 

45 

0.150 

0.150 

0.160 

4.729 

1.180 


C'o'rilrfl 
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Table 2 ,1 contd. , . . 


Test 

Fr 

2 

3 

4 

5 

6 

30 

0.224 

0.146 

0.155 

0.164 

5.146 

1 .217 

31 

0.224 

0.147 

0.150 

0.160 

4.605 

1 ,217 

90 

0.304 

0.151 

0,155 

0.164 

4.790 

1 .217 

92 

0.351 

0.154 

0.155 

0.164 

5.040 

1 .217 

95 

0.324 

0.156 

0.156 

0.1 64 

5.097 

1 .217 

96 

0.374 

0.155 

0.150 

0.164 

5.367 

1 .217 

99 

0.336 

0.152 

0.160 

0.157 

4.703 

1 .209 

101 

0.363 

0.157 

0.160 

0.161 

5.054 

1 .240 
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TABLE 3.1 : MAXIMUM SCOUR DEPTH FOR PIER WITHOUT PROTECTION 
FOR DIFFERENT FLOW CONDITIONS 


Run 

^0 

(cm) 

U 

( cm/ sec) 

Q 

( 1/ se c ) 

Fr 

'^smo 

(cm) 

10 

10.62 

20.196 

10.724 

0.198 

4.73 

30 

9.823 

22.042 

10.S26 

0.224 

5.37 

31 

9.780 

21 .930 

10.724 

0.224 

6.35 

97 

10.000 

37.400 

IS. 700 

0.378 

7.17 

98 

10.420 

35.990 

18.750 

0.356 

6.78 

99 

9.613 

32.660 

15.700 

0.336 

6.74 

100 

9.530 

29.910 

14.250 

0.310 

6.52 

101 

10.27 

36.460 

13.720 

0.363 

6.88 



TABLE 3.2 : i'AXIMJM SCOUR DEPTH FOR DiFFEPJUNT DEVICE LENGTHS WHEN OTHER GEONETRIEB FIX 
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TABLE 3.8 : SCOUR REDUCTION BY COMBI^ED DEVICE AT DIFFERENT FLOV/ CONDITIONS 
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